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Abstract: In this review I summarise recent advances in our understanding of the importance of 
starburst events to the evolutionary histories of nearby galaxies. Ongoing bursts are easily diagnosed 
in emission-line surveys, but assessing the timing and intensity of fossil bursts requires more effort, 
usually demanding color-magnitude diagrams or spectroscopy of individual stars. For ages older than 
~1 Gyr, this type of observation is currently limited to the Local Group and its immediate surroundings. 
However, if the Local Volume is representative of the Universe as a whole, then studies of the age and 
metallicity distributions of star clusters and resolved stellar populations should give statistical clues as 
to the frequency and importance of bursts to the histories of galaxies in general. Based on starburst 
statistics in the literature and synthetic colour-magnitude diagram studies of Local Group galaxies, I 
attempt to distinguish between systemic starbursts that strongly impact galaxy evolution and stochastic 
bursts that can appear impressive but are ultimately of little significance on gigayear timescales. As 
a specific case, it appears as though IC 10, the only starburst galaxy in the Local Group, falls into 
the latter category and is not fundamentally different from other nearby dwarf irregular galaxies. 
Keywords: galaxies: dwarf — galaxies: starburst 



1 Introduction 

Under concordance cosmologies, galaxy mergers both 
major and minor are expected to play a central role 
in the evolution of virtually every galaxy. Starbursts 
triggered by tidal and/or hydrodynamic interactions 
between galaxies are a major driver of morphologi- 
cal transformation and, though rare, are prominent 
contributors to near- and mid-infrared emission in the 
Universe. As just one example, starbursts driven by 
major mergers are thought to be an imp ortant driver i n 
the creation of giant elliptical galaxies (jRenzin 11 120061 ). 

Typical large galaxies generally behave as approx- 
imately self-regulated systems and exhibit a relatively 
smoothly varying star formation rat e that depends on 
gas density (e.g., iKenn icutt 19983), an d is likely to 
slowly d ecline with time subsequ ent to their initial for- 
mation l|Larson fc Tinslevlll978T) . Starbursting states 
in large galaxies are rare events, likel y triggered by 
mergers or strong tidal interactio ns fe.g. jMihos fe Hernq 
1999 : ISamland fc Gerhard! [2003h . and are often easily 
distinguished from a simple scaling-up of the global 
star-formation rate by manifesting as highl y localized 
nuclea r or circumnuclear starbursts (e.g., Ke nnicuttl 
Il998b| y 

Conversely, small galaxies are not expected to show 
constant or smoothly declining star formation rates, 
because they are far more susceptible to disruption 
by internal feedback s and external perturbations (e.g., 
IStinson et al.l [20071. This presents an observational 
challenge, because only within 10-15 Mpc can individ- 
ual stars be resolved in order to study the stellar popu- 
lations of starbursts in detail, and only within ~1 Mpc 
can stars be resolved to ages approaching a Hubble 



time to characterize the underlying stellar populations 
and search for fossil bursts. However, within these dis- 
tances luminous galaxies are rare, far outnumbered by 
dwarf galaxies. Thus we have plentiful opportunity to 
study the burstiness of small galaxies in great detail, 
but the significance of observed variations in SFR is 
complicated by the expectation of large random fluc- 
tuations intrinsic to small galaxies. 

One of the challenges of the studies of dwarf galaxy 
star-formation histories is to distinguish between sys- 
temic starbursts that are qualitatively different from 
steady state or quiescent star formation, and stochastic 
bursts which are merely the manifestation of normal 
variation. Offsetting this difficulty is the advantage 
that in resolved stellar populations there is a large ar- 
ray of tools available to measure the timing, intensity, 
and metallicity of star-formation episodes of any age 
up to a Hubble time. This means that burstiness stud- 
ies can be made of nearby galaxies regardless of their 
uisd current morphology or gas content: even galaxies with 
no future have a history. The study of burst histories 
in early-type galaxies has the potential to illuminate 
the processes of hierarchical assembly of large galax- 
ies and morphological transformat ion of galaxies from 
disk-dominated to spheroidal (e.g-. lMaver et alJl2007h . 

Star-forming, gas-rich galaxies are of course easier 
targets for study, because of the higher light-to-mass 
ratios of young stars and the possibility to identify op- 
tically faint systems via HI surveys. Late-type galaxies 
in the nearby Universe exhibit a wide range of spe- 
cific star formation rates ranging from nearly inactive 
to ex treme starburst conditions (|Hunter fc Gallagher! 
1986). The only galaxies with neutral gas detections 
that do not seem to be forming stars are the lowest- 
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luminosity examples (iHunter fc Gallagher! [l 985). the 
transition-typ e dwarfs such as the recently-discovered 
Leo T dwarf (jlrwin et al.ll2007l ). These dwarfs, which 
include among their number the Phoenix, Pisces, and 
Pegasus systems, are very faint (Ms > —14), isolated 
systems. They may be showi ng the signs of a bre ath- 
ing mode of star formation (|Stinson et al.l [20071 ). in 
effect experiencing an "anti-starburst" , or they could 
merely be forming stars at such a low rate that no star 
massive enough to ionize hy drogen has been p roduced 
within the past «10 7 years (I J.Lee et al.ll2009l ). 

In this review paper I will not discuss the char- 
acteristics and causes of ongoing strong starbursts; an 
excellent summ ary of the subject can be found in (e.g., 
Gallagher 2005). The purpose of this paper is to re- 
view what is known about the role of bursts over the 
lifetimes of nearby galaxies, to discuss the lines of evi- 
dence that could be used to infer the presence of fossil 
bursts in resolved stellar populations, and to draw at- 
tention to some of the recent work on starburst statis- 
tics and durations in the Local Volume. For a thorough 
discussion of star formation in all modes and galaxy 
types, including th e starburst phenom enon in context, 
see the review by iKennicuttl (|l998bh and references 
therein. 

Since the majority of the evidence for fossil star- 
bursts must be gleaned from color-magnitude diagrams 
(CMDs), the most detailed results are by necessity 
confined to the Local Group, galaxies within about 
~1 Mpc of the barycentre of the M31-Milky Way pair. 
Within this group of ~50 galaxies, we find examples of 
late-type galaxies experiencing both booms and busts 
in their current specific star-formation rate; of galaxies 
that burst during their formation and never again; of 
galaxies that burst multiple times at inteverals of sev- 
eral Gyr; and galaxies for which there is no evidence of 
strong variations in SFR at all. There even appears to 
be a galaxy which saved much its gas for 5 billion years 
after its first star formation, whereupon it experienced 
a major SFR event at a lookback time correspond- 
ing to a redshift z « 1; there are hints that this type 
of star-formation history (SFH) may be commonplace 
among the most isolated small galaxies. Comprehen- 
sive reviews of the SFH of Local Group galaxies are 
to be found in iMated <| 19981 ) and iTolstov. Hill fc Tosil 
(2009), among others. 



Dwarf Starbursts: Prevalence 
and Properties 



of starbursts in dwarf galaxies are the blue co mpact 



The a rchetypal dwarf galaxy starburst is M82 ([Gallagher fc 
1 19991 . and references therein). It displays most of the 
characteristics associated with an extreme starburst 
environment, including the formation of massive su- 
per star clusters, strong infrared emission, remarkably 
high Ha equivalent width, strong tidal interaction with 
a massive neighbor, and a galactic wind driven by the 
large number of supernovae resulting from the star- 
burst. This is an incontrovertible example of star for- 
mation in a dramatically different mode from that ex- 
perienced by most dwarfs in the nearby Universe. 
Quite different, but equally important examples 



dwarf s (BCDs)-the "extragalactic HII regions" of Sar gent fc Searld 
(| 19701 ). Because BCDs are a rare galaxy type, they are 
typically only found at distances greater than 10 Mpc, 
and attention naturally focuses on their highest sur- 
face brightness features. However, unlike M82, BCDs 
are not commonly found to be interacting with mas- 
sive companions, and may but do not necessarily show 
evidence for the formation of massive star clusters or 
unusually centrally concentr ated star formation (e.g., 
lAloisi. Tosi fc Greggid fl9 99;) . This variation of detail 
speaks to the probability that star formation in small 
galaxies is subject to stochastic fluctuations, possi- 
bly leading to strong differences in instantaneous SFR 
without implying a qualitative difference in th e modes, 
trigg ers, and timescales of star formation fe.g. JWeisz et all 
120081 ). 

There has been a tremendous amount of work done 
in cataloguing the properties and populations of dwarf 
starbursts within ~10 Mpc, but completeness and ho- 
mogeneity of data have been high barriers to putting 
their properties into context and beginning to assess 
the importance of various physical processes at work. 
Recently, a number of surveys have come together to 
scale this barrier, providing deep and uniform samples 
of galaxy broadband luminosities and colo rs, Ha equiv- 
alent widths, and neutral gas content (e.g..lSalzer et al.| 

| 200l |: lBrinchmann et al]|2004l : lMeurer et al.l2006l : lKennicutt et alJ 
2008; iDalcanton et al.l l2009 , among others). These al- 
low, for the first time, statistically sound estimates of 
the fraction of starbursting galaxies, the fraction of 
total star formation that occurs in bursts, and the du- 
ration of typical starbursts. 

A thorough review of all the recent survey work 
on dwarf galaxies in the Local Volume is far beyond 
the scope of this paper, so I will focus on one set of 
recent results that bears directly on the burstiness of 
small galaxies. A major result of the 11 Mpc Ha UV 
G alaxy Survey (11H UGS) survey has been published 
bv lJ.Lee et~atl |2009). giving star formation rates based 
on Ha luminosities for over 300 galaxies within 11 Mpc, 
complete down to apparent magnitude B «15. This al- 
lows a complete census of star fomation rates in small 
galaxies, particularly attuned to studies of starburst 
statistics when a starburst is defined purely in terms 
of the ratio of cu rrent SFR t o lifeti me average. The 
major findings of U.Lee et all (2009) can be summa- 
rized as follows: 

• dwarf galaxies with Ha equivalent widths >100A 
make up only 6^2% of late-type galaxies, and a cor- 
respondingly low fraction of star formation, 23lg 4 %, 



SigeJttis during burst events. 

• Non star-forming late-type galaxies are as rare as 
starbursts. However, the galaxies that lack Ha emis- 
sion are all fainter than Mb < —13.6. Therefore sam- 
pling effects on the initial mass function mean that 
small amounts of star formation, in keeping with low 
overall galaxy masses, could be taking place without 
necessarily producing any star massive enough to ion- 
ize its natal cloud. 

• It is likely that star formation never ceases com- 
pletely between bursts, instead falling to a rate «4 
times less than the peak rate, on average. This con- 
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elusion rests on the assumption that every galaxy is 
equally likely to become the host of a burst; further 
work is needed to test this assumption. 

The f fHUGS dataset sets a new standard for the 
statistics of star formation pro perties of nearby dwarf 
galaxies, and the conclusions of lJ.Lee et al.l (|2009h make 
a very secure foundation on which to build a compre- 
hensive theory of star formation in small galaxies. The 
conclusions based on Ha data will be extended in time 
by the addition of ultraviolet data, owing to the fact 
that Balmer continuum-bright B stars live for an or- 
der of magnitude longer on the main-sequence than do 
Lyman continuum-bright O stars. 

Further extension to the time baseline can be pro- 
vided by diffraction-limited imaging that is capable of 
resolving individual stars as deeply as signal-to-noise 
and crowding permit. It is the addition of the tem- 
poral component for studies of an individual galaxy 
that will ultimately provide the complete picture of 
the burstiness of star formation. Such data have been 
obtained for Local Group galaxies and for star-forming 
galaxies up to several Mpc away and ages of up t o 
10 9 yr (e.g. JCannon et alj|2003l : lMcQuinn et al.ll2009l ). 
with the result that the typical starburst in dwarf 
galaxies appears to last for a few times 10 8 years. 
During these periods of heightened SFR, the sites of 
star formation move around the galaxy, propagating at 
speeds of ~10 km s" 1 (e.g. jDohm-Palnier et all 1 19981 ) 
and producing what would be observable as a "flick- 
ering" if the SFR at just on e location was to be mea- 
sured (M cQuinn et al. 20091 ). These independent con- 
straints on the duration and duty cycle of starbursts 
provide complementary information to the statistics of 
current bursts embodied by the 11HUGS results, and 
should be strong constraints on numerical models that 
attempt to a ccount for fluctuati ons in SFR in small 
galaxies fe.g.. IStinson et al"1l2007l ). 

3 Identifying Starburst Fossils 

If strong starbursts are assumed to account for ~25% 
of the lifetime integrated star formation in dwarf galax- 
ies, then it should be possible to see the evidence for 
fossil bursts in the resolved stellar populations of nearby 
galaxies. The most direct way to unearth fossil bursts 
is via direct probes of the star formation history of a 
galaxy through analysis of its color-magnitude diagram 
(CM P , iTosi et al.l[i99ll : iTolstov fc Sahall 19961 : iDolphinl 
2002). As a stellar population ages, the absolute mag- 
nitude of its main-sequence turnoff increases, enabling 
direct tests of stellar mass contained in a galaxy as a 
function of age. The classical approach to this prob- 
lem is to overlay theoretical stellar isochrones of vari- 
ous age and metallicity combinations on the observed 
CMD and thereby identify the characteristics of the 
dominant stellar populations. Particularly narrow se- 
quences similar to star cluster CMDs would be indica- 
tive of a burst of star formation, while gaps in the 
CMD result from quiescent epochs in the life of the 
galaxy. 

For most galaxies the process cannot simplified to 
such an extent, beacuse of the continuous distribution 



of stellar ages and metallicities, and the resulting ex- 
tremely large number of different isochrone combina- 
tions to be tested. Quantitative estimates of stellar 
masses formed are made difficult in composite pop- 
ulations (i.e., nearly every galaxy in the Universe), 
because older populations are masked to some extent 
by the low-mass members of younger populations, and 
metallicity evolution can counteract some of the dim- 
ming effects of age. The solution to this problem is 
to compare the observed density of stars in a CMD to 
probability distributions formed by the convolution of 
isochrones with an initial mass function. The differ- 
ence between the synthetic CMDs thus created and a 
given dataset can then be minimized using a nonlinear 
least-squares approach. Other properties of the stel- 
lar populations, including the dispersion in interstellar 
reddening values, proportion of binary stars, and de- 
tailed elemental abundance ratios (e.g., [a/Fe]) may 
also require modelling in order to obtain meaningful 
results. The coefficients returned by the minimization 
procedure correspond to the star-formation rate as a 
function of time (and metallicity, reddening, [a/Fc], 
or any other parameters the investigator thinks their 
data can constrain). 

Such techniques of CMD fitting have been widely 
applied throughout the Local Group over the past 2 
decades, an d the results have been reviewed compre- 
hensively bv lMateol l| 19981 ) and lTolstov. Hill fc TosIl|2009D . 
among others. The field was brought to maturity by 
the diffraction-limited imaging of the Hubble Space 
Telescope, which overcomes much of the stellar crowd- 
ing that plagued ground-based imaging. It has been 
possible with HST to directly measure the SFH of 
galaxies over their entire history, with a time resolution 
of about 10% of the age, throughout the Local Group. 
Observations of more distant galaxies have been lim- 
ited to younger lookback times by the practical limit of 
HST imaging at magnitude ~29-30 for most projects. 
This means that for some of the most extreme and 
interesting starbursts, e.g., M82 (d «3.9 Mpc, m— Mo 
~27.9) direct age-dating via the main-sequence turnoff 
is not possible for ages greater than a few times 10 9 
years. 

3.1 Indirect Probes of Burst Histo- 
ries 

Current starbursts are visible to great distances, but 
fossil bursts begin to fade and rapidly become diffi- 
cult to accurately characterize. No better example 
of the blurring effects of time is available than the 
case of the Large and Small Magellanic Clouds. At 
a distances of just 48 (LMC) and 55 (SMC) kpc from 
the Milky Way, and with a center-to-center separa- 
tion of 22 kpc, the Magellanic Clouds are obviously 
and strongly interacting with the Milky Way and with 
each other. However, neither galaxy is currently expe- 
riencing a starburst, and there has been great debate 
in the literature over the degree of burstiness in their 
past histories. It is far beyond the scope of this re- 
view to discuss all of the observational evidence pro 
and con for a bursting SFH as opposed to a smooth 
SFH, but the arguments can be followed in the pro- 
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ceedings of IAU Sympos i a devoted to the Magellani c 
system (|Chu et al J 1 19991; Ivan Loon fc Qliveiral 120091 ) . 
the monograp h bv [Westerlundl (11997), and t he ex cel- 
lent review bv lOlszewski. Suntzeff fc Mated (|l996T l. 

In short, the LMC contains several globular clus- 
ters like those in the Milky Way, plus a large number 
of younger, massive, dense clusters unlike any found in 
the Galaxy. These young globulars have age distribu- 
tions peaked at ages of ~100-200 Myr and ~l-2 Gyr, 
leading to suggestions that the LMC must have expe- 
rienced strong starbursts at those ages. The SMC also 
contains young, massive clusters, and thei r ages also 
appe ar to be concentrated at specific times ijRich et al.l 
2000) although not at the same times as the LMC. 
CMD studies of field stars in the LMC based on HST 
imaging found varying degrees of evidence for a burst- 
ing SFH, but it became apparent that the LMC never 
completely ceased forming stars in the periods between 
its epochs of prolific cluster formation, and these data 
were used to argue in favor of a SFH that was more 
smooth than bursty. 

The most complete derivations of the SFH of the 
Cloud s are to be f ound in the work oflHarris fc Zaritskvl 
(|2004l . SMC) and lHarris fc Zaritskvl (|200l LMC). and 
the results show that the star formation activity in the 
field was indeed peaked during the times of massive 
cluster formation, and the times of activity correlate 
between the two Clouds. It therefore does appear that 
the production of massive star clusters is a signature 
of major events in the life of a galaxy, indicative of 
star formation under different conditions than normal, 
"quiescent" star formation. Following the example of 
the Magellanic Clouds, the presence of massive star 
clusters can be a tracer of fossil starbursts when the 
evidence from field star ages is insufficient to unam- 
biguously identify a burst. 

The production of massive star clusters is not ex- 
pected as the result of the normal, stochastic bursti- 
ness one sees in dwarf galaxies. The presence of mas- 
sive clusters can be diagnostic of bona fide, systemic 
starbursts, and if the clusters are dense enough to es- 
cape dissolution in the tidal field of the galaxy, they 
can be powerful probes over a long time baseline. This 
is particularly useful because massive clusters are far 
more easily observable than even the brightest sin- 
gle supergiant stars, and can thus trace starbursts to 
larger distances and more crowded environments (e.g., 
iGallagher fc Smith! 1 19991) . Super star clusters are in- 
deed a ubiquitous feature of starburst galaxies, and in 
some starbursts the clusters appear likely to survive 
to high ages a nd eventually appear similar to globular 
clusters (e.g., Ide Griis. O'Connell fc Gallagher! 1200 ll . 
and references therein). 

The burstiness of star formation can also have strong 
impli cations for the chemical enric hment of galaxies 
(e.g.. iKobulnickv fc Skillmanl Il996l . 1997), and these 
chemical signatures persist in the subsequent genera- 
tions of stars, long after the bursts responsible have 
faded away. Starbursts can rapidly enrich the inter- 
stellar medium of a galaxy, which might otherwise 
be diluted in metal abundance by the infall of fresh 
metal-poor gas during "quiescent" star formation. The 
timescales of starbursts can potentially be probed by 



the measuring the abundance ratios of elements pro- 
duced in T ype II and Type la supe rnovae, and in 
AGB stars ([Tolstoy. Hill fc Tosil[2009l . and references 
therein). However, if the starburst is extreme enough 
to produce a large number of supernovae in a small 
galaxy, then the metals produced could be lost to the 
intergalactic medium rather than incorporated into sub- 
sequent stellar generations, reducing the effective metal 
yield of the population in a starburst l|Mac Low fc Ferraral 
119991 ; iH.Lee et al.ll2006l ). The idea of identifying the 
star-formation environments of stars by identifying tell- 
tale patterns of chemical enrichment has enormous po- 
tential for understanding the formation and evolution 
of galaxies from the earliest times to the present day; 

for a detailed description of the p romise and challenge 

of this approach, see the review by Freeman & Bland-Haw thorn] 
(|2002l ). 



4 Local Group Case Studies 
4.1 The Carina Dwarf Spheroidal 

The dwarf spheroidal galaxies are low-luminosity (Ms > 
— 14), late- type galaxies that are nearly exclusively ob- 
served as satellites of the Milky Way (or M3 1) with dis- 
tances of 25 < r 9C < 250 kpc (|Matedll998l ). Many of 
them appear to have only ever experienced one episode 
of star formation, at the earliest epochs, leading to 

much conjecture about the mechanisms fo r their gas- 

loss an d th eir surv i val (se e the discussions in iTolstov. Hill fc Tosil 
(120091 ) and lMated (| 19981 ) for further information). Es- 
pecially among the lower- luminosity and less distant 
spheroidals, the star formation was restricted to mor e 
or less old ages fe.g. jMateo et al.lll99ll ; lDolphhj|2002l ). 
altho ugh some chemical evolution has been reported 
(e.g.. ITolstov et al.ll2004l ). indicating some complexity 
to the SFH. The most luminous dwarf spheroidals, the 
Fornax and Sagittarius systems, show both extended 
SFHs and small globular cluster populations. 

Despite the overall trends pointing to old popula- 
tions and simple SFHs, the classic example of a galaxy 
with a history of repeated burst cycles is a dwarf spheroidal, 
the Carina system. At a distance of 100 kpc, Ca- 
rina has been known to harbor a large intermediate- 
age p opulation since the work of iMould fc Aaronsonl 
(1983). The first imaging to reach the level of the 
horizontal branch and helium-burning red clump re- 
vealed a surprisingly bimodal st ellar distribution im- 
plyin g a bursting or gasping SFH ( Sm ecker-Hane et al.l 
1 1994 ). Subsequent deeper imaging confirmed this and 
revealed that the dominant stellar population was formed 
in a burst about 7-9 Gyr ago, with clearly separated 
burst s at both older (>11 Gyr) and younge r («4 Gyr) 
ages l|Hurlev-Keller. Mateo fc Nemedlilffli ). Medium- 
resolution spectroscopy of individual red giant stars 
revealed that the metallicity of the younger stars is 
on average slightly higher than that of the o lder stars, 
demo nstrating chemical evolution with time (Koch et al. 
120061 ). 

Carina remains the clearest example of a galaxy 
in which ancient and intermediate-age bursts are so 
distinctly separated from each other that the quies- 
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cent epochs produce gaps in the subgiant region of the 
CMD. Qualitatively similar behavior is seen i n several 
other early- and la te- type dwarfs, e.g., L eo I (jDolphinl 
120021 ) and IC 1613 ijSkillman et alJl2003h . but the vari- 
ations in SFR on Gyr timescales appear to be milder 
than in Carina. There are several ways in which to 
interpret this information. It is possible that Carina is 
just far enough from the Milky Way to have escaped 
the early stripping of gas that terminated the star for- 
mation of the clo ser-in spheroidals like Sex tans, Ursa 
Minor, or Draco (ITolstov. Hill fc Tosill2009l ) . Alterna- 
tively, perhaps Carina did consume or eject its entire 
gas content after an initial burst, but accreted more gas 
several gigayears later. In comparing Carina to more 
distant galaxies, it must be noted that some of the 
apparent smoothness in SFH at old ages for galaxies 
more than a few hundred kiloparsecs distant may yet 
be attributable to observational difficulties rather than 
genuine constancy of SFR. Because the fractional age 
resolution of the current generation of CMD studies of 
Local Group dwarfs is at best a bout 10%, starbursts o f 
the durations reported by, e.g.. iMcQuinn et alJ (2009) 
would be unresolved for ages greater than ~10 9,5 yr, 
causing galaxy SFHs to appear to decrease in bursti- 
ness with age. 



4.2 A Late-Bursting Galaxy: Leo A 

Carina and the other early-type, gas- free, dwarf spheroidal 
systems are nearly all satellites of the Milky Way, which 
is expected to have had a strong impact on th eir evo- 
lution (e.g., iKravtsov. Gnedin fc Klvpia l2004h . It is 
therefore of interest to study more distant galaxies to 
similar photometric depth, in order to gauge the evo- 
lution of small galaxies in relative isolation. Leo A 
(DDO 69), is one of the m ost isolated galaxies in the 
Local Group (|Mated Il99gh . 800 kpc from the Milky 
Way and 1200 kpc from M31. It was suggested by 
ITolstov et alJ (1998) that Leo A had formed the vast 
majority of its stars within the past few Gyr, making 
it the most likely candidate yet to be a gen uinely young 
alaxy . This candidacy was quashed when lDolphin et alJ 
20021 ) discovered a small number of RR Lyrae type 



variables in Leo A, proving the presence of ancient 
(a ge >10 Gyr) star s. However, deep HST imaging 
by Cole et all (|2007l ) showed conclusively that Leo A 
formed 90% of its stellar mass more recently than ~7 Gyr 
ago, corresponding to a redshift of z «1. The SFR 
appeared to peak between 1-3 Gyr ago and then de- 
clined, with a second episode of star formation a few 
hundred Myr ago. This made Leo A unique among 
known galaxies in having such a remarkably high frac- 
tio n of stars y o unger than 10 Gyr. In the SFH derived 
bv lCole et"afl l|2007l ), the average SFR of Leo A from 
2-5 Gyr ago was 4-5 times the previous long-term av- 
erage SFR. If this star formation was concentrated into 
episodes a few hundred Myr in duration, the actual 
instantaneous SFR would have qualified Leo A as an 
extreme dwarf starburst. 

It is a puzzle how such a small galaxy (M<jj,« ~2x 10 s 
Mo) could have retained so much of its gas without 
forming significant amounts of stars for over 5 Gyr af- 
ter it first formed. This may be an example of an 



HI reservoir at low metallicity, with correspondingly 
long cooling timescale, kept in such isolation that no 
perturbations or fluctuations triggered star formation 
for many gigayears. Based on Leo A's very small ra- 
dial velocity of —18 km s _1 with respect to the Milky 
Way, it seems likely that the galaxy has never been in 
close proximity to either M31 or the Milky Way. In- 
terestingly, similar hints of a large frac tion of delayed 
star formation are se en in IC 1613 llSkillman et aD 
120031 1 and DDO 210 (|McConnachie et all I2006T ). al- 
though not to the same extent as in Leo A. It may 
become apparent with further observational effort that 
delayed star formation with a late burst of star formation- 

perhaps triggered by the turnaround and infall of the 

isolat ed galaxy into an intragroup medium (|McConnachie et al.l 

is a typical characteristic of the most isolated 
galaxies. 

4.3 Boom or Bust? The Case of IC 10 

The gas-rich dwarf (M s = -15.6) IC 10 has long 
been considered the only starburst galaxy in the Lo- 
cal Group and tho ught of as something of an anomaly 
(e.g. iHunterl 120011 ). IC 10 has an unusually high sur- 
face brightness for a galaxy of its size, and unusually 
high numbers of Wolf-Rayet stars (Mas sev fc Johnson! 
Il998f). owing t o its high current SFR of «0.03 M Q yr" 1 kpc~ 2 
(|Hunted[200ll 'l. At a distance of «800 kpc from the 
Milky Way (and a mere 250 kpc from M31), IC 10 is 
clearly an outlier among the dwarf irregular galaxies 
of the Local Group, but how much of an outlier is still 
a matter of debate. It sits deep in the Zone of Avoid- 
ance (I — 119°, b — —3°), so detailed study has been 
hindered by large and variable foreground reddening 
compounded with a significant amount of reddening 
internal to the dwarf, making it the last star-forming 
Local Group galaxy within 1 Mpc to be i maged down 
to th e depth of the horizontal branch (jSanna et al.l 
2009). Attention has naturally been focused on the 
rich array of young stars around the major HII com- 
plexes, leading to cla ssification as a dw arf starburst or 
blue compact dwarf ( Ricjiex£LalJ|2TOl|) . How ever, the 
demonstration of iHunter &: Gallagher! (|1986| ) that the 
classification of star-forming dwarfs can be strongly 
distance-dependent leads us to reexamine IC 10's sta- 
tus as a Local Group enigma. 

We have imaged a central region of IC 10, avoid- 
ing the actively starbursting area, with the Advanced 
Camera for Surveys (ACS) on HST, using the ACS 
equivalents of V and I filters to produce CMDs of suf- 
ficient depth to determine the SFH with timing pre- 
cision of better than 10% to ages of ~200 Myr and 
^30% over the entire lifetime of the galaxy (ICole et al.l 
12010. in preparationT ). In order to better reveal possi- 
ble previous bursts of star formation and the older stel- 
lar populations in general we purpo sely avoided t he re- 
gions previously imag ed with HST (|Hunterll200ll ). The 
resulting rich dataset contains a wealth of information 
about IC 1 0, as is typical for HST images of nearby 
dwar fs (e.g. ITolstov. Hill fc TosHl2009l ; [Dalcanton et all 
2009). Of particular interest, we have identified a win- 
dow in the main body of IC 10 that is virtually free 
of internal reddening as identified by the narrow color 
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range of red giants and confi rmed by the low HI co l- 
umn density at that location (Wilcots & Miller 1998). 

The density-scaled CMD (Hess diagram) of 56,000 
stars in this low-reddening window is shown in Fig- 
ure [TJ where the magnitudes have been corrected for a 
distance modulus of (m— M)o = 24.5 an d a reddening 
of E(B — V) = 0.81 mag. Isochrones from lMarigo et ahl 
(2008) have been overlaid on the Hess diagram to show 
the locus of stars aged 400 and 2200 Myr with metal- 
licity Z = 0.004 ([M/H] « l/5th Solar, (|H.Lee et all 
2003)). This location in the galaxy is far from any 
sites of active star formation, so the SFR for ages less 
than ~1 Gyr is not expected to be representative of the 
galaxy as a whole. For ages older than this, the stellar 
velocity dispersion will have mixed stars throughout 
the body of the galaxy, so the SFH should be fairly 
typical of any random spot within the central portion 
of IC 10. The stellar population appears to be predom- 
inantly of intermediate age, with a strong contribution 
from stars a few Gyr old. 




Figure 1: A color-magnitude density diagram of 
a low-reddening window in the northern disk of 
IC 10. The negligible internal reddening per- 
mits a reliable reconstruction of the SFH of the 
central regions of IC 10. The filters 814 and 
555 are the ACS equivalents of I and V. The 
CMD i s rema rkably similar to that of NGC 6822 
Wvder (|200lh . Isochrones are from the Padua 
group, computed for a metal abundance Z = 0.004, 
with ages 400 Myr (upper track) and 2200 Myr 
(lower track). 5.6xl0 4 stars are measured in this 
0.5 arcmin 2 window; the contours are spaced by 
factors of 2 in density. 



The SFH derived from this Hess diagram is shown 



in Figure [2] The lack of bright main-sequence stars in 
this specific field is reflected in the low SFR over the 
past «400 Myr. However, this apparently quiescent 
field far from the current center of starburst activity 
experienced its own peaks in SFR at ages of approx- 
imately 700-800 Myr and 1.5-2.5 Gyr. During both 
time periods, the specific SFR at this location was 
higher than the cur rent galaxy-w ide specific SFR of 
0.03 M yr" 1 kpc" 2 i|Hunteil200lft . marked with a star 
at 10 Myr and extended for reference back to 14 Gyr 
by the dashed line. The Hess diagram shows that the 
age resolution will be severely degraded for ages older 
than «3-4 Gyr, because the main-sequence turnoff is 
too faint to be well-sampled by these data. However, 
it is apparent that the long-term average SFR of IC 10 
may have approached or exceeded its current value 
for much of its early history. This implies that while 
IC 10's starburst is visually spectacular and prolific 
in production of very massive stars, it is not likely to 
significantly increase the stellar mass of IC 10 unless 
it increases in intensity or lasts for longer than a few 
hundred Myr. On e cave at is that the current specific 
SFR from Hunter ( 2001) is averaged over the D25 di- 
ameter of the galaxy, an area ~23 times the size of our 
low-reddening window, but the starburst activity is 
strongly concentrated into the high-surface-brightness 
HII region complexes. The peak current SFR, mea- 
sured over a comparable area to that shown here, would 
thus be much higher than the D25-averaged values. 
Caution is warranted in making comparisons of this 
sort between studies of widely disparate areas. How- 
ever, the finite velocity dispersion of stellar popula- 
tions coupled with the decreasing in time resolution of 
the CMD with age perform a sort of natural averag- 
ing on the resolved stellar data, and this comparison 
should be valid for the older ages considered, provided 
we have not had the misfortune to study a "special" 
location in the galaxy where star formation has been 
unusually enhanced or suppressed on Gyr timescales. 

IC 10 has roughly the same stellar mass, dynam- 
ical mass, and average stellar age as the prototypical 
dwarf irregular NGC 6822, the isolated dwarf irregu- 
lar WLM, and the Milky Way companion Small Mag- 
ellanic Cloud. In integrated properties, t here is little 
to distinguish between the four galaxies dH.Lee et al 
2003 1: iDemers. Battinelli fc Letartdl20pl : lOrban eTal 
20081 : ICole et al.l 12010. in preparationT ). The similar- 
ity to NGC 6822 goes even farther, as both galax- 
ies are in the mi dst of a minor merger or neutral gas 
accretion event (lHunterill997l : IWilcots fc Miller! 1 19981 : 
Ide Blok fc Waited 120061). The SFH for NGC 6822 de- 
termined by I Wvderl (2001) even bears similarity to the 
long-term average SFH for IC 10 presented in Figure^ 
characterized by roughly contant levels with evidence 
for a recent decline- punctuated by enhancements or 
bursts that may be connected to the presence of in- 
falling gas. The presence of dense star clusters in 
NGC 6822 fe.g IWvderll200ll) which are lacking in 
IC 10 l|Hunterll200ll : ICole et ahll2010. in preparation!) 
suggests that if anything, IC 10 has had the less bursty 
SFH of the two. It seems possible that if we viewed 
IC 10 from a vantage point in M31 instead of through 
the plane of the Milky Way, we would think of IC 10 
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Figure 2: The SFH of IC 10 determined in our low- 
reddening window. For ages older than ^1000 Myr 
orbital motions should have mixed IC 10's popula- 
tions, so the SFH should be representative of the 
galaxy as a whole for intermediate and old ages. 
Note that by the standards of its own historical av- 
erage, IClO's current SFR (star and dashed line, 
iHunterlfeOQll ) is not abnormal. 



as a prototype dwarf irregular, with NGC 6822 as a 
distant analogue. 

5 Conclusions 

The burstiness of galaxies is a fundamental observable 
clue to understanding the physics of star formation 
and the processes which drive galaxy evolution. Star- 
bursts, galaxies that are forming stars at such a high 
rate that the background ligh t of all previous ly formed 
stars pales to insignifcance (|Sandagd fl963h are the 
extreme star formation environment in the Universe. 
Starbursts were likely t he dominant mode o f star for- 
mation at high redshift ([Dressier et al ] l2009l . and refer- 
ences therein ), but are not "stea dy state" phenomena 
in any sense (iRieke fc Low|[l975h , and their prevalence 
is low among luminous galaxies in the nearb y Universe, 
often t ied to mergers and interactions (e.g.. iKennicuttl 
Il998bh . 

Late-type galaxies in the nearby Universe exhibit 
a wide range of specific star formation rates ranging 
from nearly inactive to extreme starburst c onditions 
(jHunter fc Gallaghedfi~986l : iJ.Lee et al.ll2009l ). This is 
not surprising, as on theoretical grounds it is expected 
that galaxies with dynamical masses M to t <~ 10 9 ' 5 
Mq become unstable to thei r own stellar feedback from 
winds and supernovae (~e.g-. lMac Low fc Ferraral|l999l ; 



IStinson et al.ll2007l . and references therein). For small 
galaxies, this makes the dichotomy between "starburst- 
ing" and "quiescent" states somewhat artificial, be- 
cause the natural state of dwarf galaxies is to show 
a continuum of burstiness l|Weisz et al.l 120081 ) related 
to factors both internal (dynamical mass, angular mo- 
mentum profile, gas content) and external (tidal in- 
teractions, ionizing background). If a starburst is de- 
fined by a stellar birthrate that exceeds 2-3 times the 
long-term average, then dwarf galaxies are much more 
susceptible to experiencing bursty star formation his- 
tories than are giant galaxies. While large galaxies 
most likely require disruptive events and extreme con- 
ditions in order to experience a starburst, dwarf galax- 
ies should be able to meet the observational definition 
of a starburst without qualitatively changing the mode 
of star formation, i.e., by producing large numbers of 
massive clusters, concentrating the star formation to 
the circumnuclear region of the galaxy, or experiencing 
major reorganizations of gas content or morphology. 

Within 10 Mpc, star formation 'booms" are rare, 
with only 6% of dwarf galaxies showing a c urrent SFR 
more than 2.5 times their long term average l|J.Lee et al.l 
2009). However, "busts" are equally rare, indicating 
that as long as neutral gas is present, some star for- 
mation occurs. In genera l, the early conclusion of 
iHunter fc~ Gallagher! 1 19851) suggesting that star for- 
mation in dwarf irregulars is "down but not out" has 
been borne out and put on a firm statistical footing 
by subsequ e nt wo rk. Most recent work, typified by 
IJ.Lee et al] (|2009h . suggests that between 20-30% of 
star formation occurs during burst episodes. These 
episodes seem to las t, very roughly, ~10 8 ' 5 yr (e.g., 
iMcQuinrT et al. 200^). Note that these figures do not 
distinguish between systemic bursts, which are not 
sustainable over the long term and may be signifcant 
in their production of star clusters and metals or for 
their promotion of morphological transformation, and 
stochastic bursts of the kind which are pre dicted by 
numerical models (e.g., IStinson et alj |2007|) an d ob- 
served in nearby dwarfs fe.g. JWeisz et alj |2008). It is 
interesting to note that while models predict a high 
degree of burstiness, increasing with decreasing galaxy 
mass, CMD analysis indicates relatively smooth SFHs 
for most Local Group galaxies. Either some unmod- 
elled factor is acting to suppress the burstiness seen 
in the models, or the CMD analyses are less sensitive 
than predicted to factors of 2 variation in SFR over 
time periods of a few hundred Myr. 

The isolated dwarf galaxy Leo A appears to have 
waited several Gyr before forming the vast majority of 
its stars in an event that itself spanned several Gyr. 
An upper limit of ~10% on the fraction of sta rs older 
than 8 Gyr was found by ICole et al] (120071 ). This 
makes it unique among galaxies that have been studied 
to the depth of the oldest main-sequence turnoff with 
the Hubble Space Telescope, but hints of similar be- 
havior may be visible in other isolated galaxies (e.g., 
iMcConnachie et alj 120061 ) . If the delayed burst is a 
natural feature of dwarf galaxies, then it has not been 
captured by the models that predict steady "breath- 
ing" pulses of star formation. One possibility is that 
cosmic reionization heated but did not evaporate the 
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l2000h . On the other hand, if the late-blooming burst 
was triggered by a merger or accretion event, there is 
no hope at this late time, several Gyr later, of identi- 
fying the trigger. 

The galaxy IC 10 appears to have much in com- 
mon with similar size dwarf irregulars and is not cur- 
rently forming stars far above its long-term average 
rate. While it has repeatedly been referred to as the 
nearest starburst galaxy and an anomaly within the 
Local Group, the star formation history derived from 
HST imaging places it squarely within a continuum of 
similar-mass late-type galaxies, bearing a strong fam- 
ily resemblance to archetypal irregulars NGC 6822 and 
the Small Magellanic Cloud. However the burst age is 
only a few times 10 7 yr, indicating that the burst may 
be at a very early stage if IC 10 has similar proper- 
ties to other dwarf star bursts, which appear to last for 
~10 times longer fe.g. jMcQuinn et al.ll2009l ') . IC 10 is 
similar in mass and metallicity to the SMC, but has 
failed to produce any massive star clusters during its 
lifetime, indirect evidence that the SMC has had the 
more tumultuous history and experienced a more in- 
tense mode of star formation at past epochs. 
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